Abstract
Introduction
is to be expected that whisker movements, being the primary mode of exploration, will also 93 be affected by nicotine and smoking. This study will, for the first time, explore the effect of 94 chronic smoking, the most important source of nicotine in humans, on whisker movements in 95 
Smoking Procedures 109
Animals were randomly assigned to the following groups: Control (C: n=10), Smoking (S: 110 n=11), Smoking cessation for 1 week (S1W: n=9) and Smoking cessation for 2 weeks (S2W: 111 n=10). Smoking was selected as the nicotine administration technique, as it is the most 112 common way people are exposed to elevated levels of nicotine. Smoking animals were 113 exposed to cigarette smoke (3R4F research cigarettes with filter purchased from Kentucky 114
Tobacco Research and Development Center, University of Kentucky) using a nose-only 115 exposure system (InExpose System, Scireq). Mice were placed in soft restraints and 116 connected to an exposure tower. A cigarette puff was generated every minute, leading to 10 117 seconds of cigarette smoke exposure followed by 50 seconds of fresh air. Mice were 118 acclimatized to the cigarette smoke exposure during the first week of the experiment. 119
Afterwards, animals were exposed daily to four cigarettes, twice a day, 5 days per week, over 120 7 Each mouse was placed in to a transparent, Perspex, rectangular arena (20 x 30 x 15 cm) (Fig.  134   1a) , which was lit from below by a bright, normal-spectrum light box (PHLOX LEDW-BL-135 400/200-SLLUB-Q-1R-24V). The mouse was filmed from above using a digital high-speed 136 video camera (Phantom Miro ex2) recording at 500 frames per second with a shutter-speed of 137 1 ms and a resolution of 640x480 pixels. Multiple 1-s video clips were collected 138 opportunistically (by manual trigger) when the animal moved in the field of view of the 139 camera. Approximately 16 clips were collected from each animal. Four to six clips from 140 each mouse were selected and trimmed based on to the following selection criteria developed 141 in Grant et al. (2013) : i) the mouse was clearly in frame; ii) both sides of the face were 142 visible; iii) the head was level with the floor (no extreme pitch or yaw); iv) the whiskers were 143 not in contact with a vertical wall; and v) the mouse was clearly moving forward. Six of the 144 eleven smoking animals (S) could not be included in the study as their whiskers were 145 barbered by a conspecific and thus could not be imaged. Barbering is not usually associated 146 with stress, but rather caused by a particularly dominant animal in the home cage (Bresnahan 147 et al. 1983 ). While barbering is relatively rare, to overcome this in future studies it is 148 recommended to remove the dominant individual from the home cage, or to house mice 149 singularly, a month before filming. This left a sample size of 32 animals (C: n=10, S: n=5, 150 S1W: n=7, S2W: n=10), which is reflected in the individual averages in Figure 3 . 151
In each selected clip, the mouse snout and whiskers were tracked using the BIOTACT annotations overlaid on to the video frames (Fig 1b) and a total of 166 clips, each of around 156 0.5 seconds in length, were included in the analysis (C: n=51, S: n=33, S1W: n=35, S2W: 157 n=47). 158
The movement of the entire whisker field was determined from the unsmoothed mean of all 159 the tracked whisker angular positions for each side frame by frame (Grant et al. 2012 ; Figure  160 1c, termed naïve mean angle (nma)). The following variables were calculated from the 161 whisker angular position data. Offset is the mean angular position. To estimate the amplitude, 162 the offset was removed from the whisking angle time series and the root mean square value 163 was computed to give the root-mean-square (RMS) whisking amplitude. These time series 164 were approximately sinusoidal, so the ''peak-to-peak whisking amplitude'' was estimated by 165 multiplying the RMS whisking amplitude by 2√2 (Chatfield, 2003) . This estimate of 166 amplitude is reasonably robust to accommodate departures from a purely sinusoidal pattern. 167
Whisk frequency was calculated using a discrete-fourier transform (FFT function in Matlab), 168 with a peak frequency cut-off of 50 Hz, as anything above this would not be expected 169 As locomotion is a common behavioural measure, average locomotion speed was also 177 calculated on a per-frame basis by tracking the nose tip and calculating the average number 178 of metres moved per second. Each day the arena was calibrated, by taking an image of a 179 ruler, to make the pixel to mm conversion.
To verify that the dose and duration of smoking was such that it had physiological effects we 182 also investigate pulmonary mechanics. The pulmonary system is directly exposed to cigarette 183 smoke and effects should be seen there. Thereto, after filming, the mice were anesthetized 184 with a intraperitoneal injection of a mixture of xylazine (8.5 mg/kg, Rompun®, Bayer, 185 Belgium) and ketamine (13 mg/kg, Anesketin®, Eurovet, Belgium) and tracheotomized. 186
Mice were then placed in a body plethysmograph and connected to a computer-controlled 187 ventilator (Buxco-Force Pulmonary Maneuvers) to measure lung compliance (Cchord). Lung 188 compliance, or more specifically chord compliance, measures the linear section of the lung 189
Pressure-Volume Curve, and is strongly associated with lung volume. It has been suggested 190 as a way of diagnosing a range of respiratory disorders (Harris 2005) . 191
All the mice, including the barbered smoking mice were included in this section of the study. 192
However, three control mice, one smoking mouse, one smoking cessation week 1, and one 193 smoking cessation week 2 mouse were euthanized during procedures unrelated to this study 194 prior to the extraction of these measurements, leaving a sample size of 32 (C: n=7, S: n=10, 195 S1W: n=6, S2W: n=9), which is reflected in the individual averages in Figure 2 . 196
Statistical considerations 197
All data was distributed normally. Differences between groups for whisking measures and 198 locomotion speed were analysed with linear mixed models. The treatment groups of mice 199 (smoking, controls, smoking cessation week 1 and smoking cessation week 2) was a fixed 200 between factor, and the individual mouse ID was a random between factor. Lung function 201 data was analysed using a univariate ANOVA, with treatment group as a between factor. 
Results

209
Lung compliance was significantly increased in the smoking mice and remained impaired 210 even after 2 weeks smoking cessation (ANOVA: F(3,164)=7.258, p=0.001, ƞ 2 p = 0.500, 211
Tukey Post-hoc: C<S,S1W,S2W). This can clearly be seen in Figure 2a , where the control 212 mice have a significantly lower average Cchord compliance value than the smoking and 213 smoking cessation groups. Indeed, the lowest Cchord compliance values can be seen in 214 Figure 2b in the C2 and C5 control mice, and the highest values in the S9, S11 and S6 215 smoking mice. 216
The smoking mice locomoted significantly slower than the control mice, however, after 1-217 week smoking cessation this difference had disappeared (mixed model: F(3,25.4) = 9.981, 218 p<0.001, ƞ 2 p = 0.173, Tukey Post-hoc: S<C,S1W,S2W). This can clearly be seen in figure  219 3a, where the smokers have a significantly slower average locomotion speed than the control 220 mice, and those in the smoking cessation conditions. Specifically, Figure 3b show that mouse 221 S11 in the smoking condition had the lowest locomotion speed overall, with control mouse 222 C10 having the fastest locomotion speed overall. 223
Example whisking traces from a smoking and control mouse can be seen in Figure 4 . From 224 Figure 5 it can be seen that smoking mice move their whiskers faster than all the other 225 treatment groups in both the protraction and retraction stages of the whisk (protraction 226 velocity mixed model: F(3,29.5) = 7.055, p=0.001, ƞ 2 p = 0.092, Tukey Post-hoc: 227 S>C,S1W,S2W; retraction velocity mixed model: F(3,31.6) = 6.486, p=0.002, ƞ 2 p = 0.100, 228
Tukey Post-hoc: S>C,S1W,S2W). Results from this study show that there are measureable changes in exploratory behaviour in 237 smoking mice, compared to control and smoking cessation conditions. In particular, whisking 238 protraction and retraction velocities were both significantly increased ( Fig. 5 and Table 1 ) 239 and locomotion speed was significantly reduced ( Whatever the cause of these discrepancies, the reduction in locomotion speed in our study 252 was reversed after only a one-week period of smoking cessation (Figure 3 That whisking behaviour recovered in mice that have stopped smoking for only a week (Fig.  293 5), without recovery of normal lung compliance (Fig. 2) , suggests that behavioural effects are 294 likely to improve well before lung recovery. In addition, the mechanism for the increase in 295 whisking velocities is likely to be the interaction of nicotine with neuronal structures, rather 296 than any change in lung function during smoking (Fig. 2) . While smoking was selected as the 297 nicotine administration technique in this study, as it is the most common way that people 298 administer nicotine, and provides an efficient way of delivering it to the brain (Henningfield 299 & Keenan 1993), future work could carry this study out using a direct nicotine delivery 300 system, such as a patch. While the number of smoking mice included in the study was less 301 than in the other conditions, we are confident that our statistical analyses represent our 302 findings, and we have manually examined the video footage and whisker traces to 303 corroborate our findings for both locomotion and whisking data. 304
Links to brain and behaviour 305
Due to the distribution of nAChRs throughout the brain and the complexity of behavioural 306 pathways, it is hard to make strong inferences linking the effect of smoking and nicotine to 307 any specific brain areas. Delivery of nicotine to specific brain areas, such as brainstem nuclei, 308 cerebellum, primary motor cortex or primary somatosensory cortex, might help to improve 309 understandings of the role of nicotine, and acetylcholine, on behaviour. A study by Shao and 310 Feldman (2001) 
